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**C**orrect methods to minimize the structural and functional body impairments primarily caused by spinal cord injury (SCI) are crucial to avoid secondary injury which could result in undesired outcomes for patients who survived the SCI and have to struggle emerging from the disability to a more functioning life.^[@ref1]^ Nevertheless, the capacity obtained in a good acute care does not assure reaching the maximal performance if the patients are not engaged in a suitable rehabilitation program followed by attractive locomotion, leisure and occupational alternatives to continuously develop and maintain the residual capacities acquired after acute care.^[@ref2]^

Specially in the late period of SCI, after the first 2 years of injury, few attractive options are available to motivate people with SCI to remain engaged in a social structure, paving the way for activity-based therapies \[assistive technologies such as Functional Electrical Stimulation (FES)-assisted cycling\] to promote physical, mental and social recovery even in a chronic condition.^[@ref3]^

Motivated by the increasing availability of scientific papers indicating benefits coming from FES-assisted cycling experiences and having been aware of the Cybathlon 2016 launch^[@ref4]^, we prepared a pilot to compete in the FES Bike Race modality.

Methods {#sec1-1}
=======

Recruitment process to potential pilots {#sec2-1}
---------------------------------------

We conducted a public forum publicized among people with disabilities interested in coming out for sports. At this meeting, FES-assisted cycling was presented as an experimental activity-based therapy, which may be also considered as an assistive technology for locomotion, leisure and sports. After explaining the technical principles of operation, and the benefits and risks evidenced by scientific articles published; we invited who had interest to take part in the experimental preparation, to apply for a screening test to identify the responsiveness to Neuromuscular Electrical Stimulation (NMES) using the parameters employed for FES-assisted cycling.^[@ref5]^

Fourteen subjects accepted to participate in the screening. All of them signed an informed consent (CAAE 50337215.1.0000.0030, approval number 1.413.934, local ethical committee).

Screening test {#sec2-2}
--------------

In the screening test, we had a sample aging from 29 to 41 years old, mostly composed by women (64%), struggling with their paraplegies from 3 to 26 years of SCI, caused predominantly by trauma (86%) in the levels above T12 (79%) and with ASIA Impairment Scale (AIS) classified as A (complete, 64%). The responsiveness to NMES was investigated by a biphasic rectangular pulse. The pulse width was set at 500 μs and the frequency at 50 Hz, with intensity varing from 0 to 69 mA to trigger a muscle response different from 0/5 MRC (Medical Research Concil). At the end of the screening test, 8 participants (57%) responded to the NMES. All of the responsive volunteers had traumatic injury above the T12 level. The Fisher's exact test detected a significant association between injury above the T12 level and responsiveness, accompanied by a relative infinity risk of the levels higher than T12 being a predictor of responsiveness ([Figure 1](#fig001){ref-type="fig"}). Body composition investigated by BMI (Body Mass Index) and atrophy in the lower limb muscles inferred by the right/left perimetry at thigh and calf levels did not associate with responsiveness^[@ref6]^.

Selection criteria {#sec2-3}
------------------

Once identified, the responsive volunteers were invited to pursue the preparation to Cybathlon competition organized in two phases: (1st) pre-FES-cycling and (2nd) FES-cycling preparation. Only one of them who achieved all the steps in the two phases of the preparation would meet criteria to apply for the FES Bike Race on the Cybathlon Championship. Before the preparation, all the 8 candidates were assessed for skin wounds, muscular contractures, join stiffness and bone fragility by a medical doctor. From the responsive group, only two were considered elegible to take part in the preparation with progressive overloads because the others showed high risk for fractures during training (bone fragility detected by bone densitometry) and no tolerance to efforts. Bone densitometry was assessed by dual-energy x-ray absorptiometry (DXA). This technique results in 2-dimensional projections of the bones and BMD is calculated as mass per area (in g/cm2). DXA measurements are commonly performed at the femoral neck and lumbar spine because the manufacturers provide softwares and reference values for these locations6. The criteria for the diagnosis of osteoporosis, low bone mass and normal bone mineral density followed those of the World Health Organization (WHO). The WHO reference for diagnosis of osteoporosis is a T-Score of -2.5 or lower in the proximal femur or lumbar spine.^[@ref7]^ Between the two elegible candidates, the one that developed the best muscular response to electrical stimulation without adverse effects as autonomic disrreflexia and better response during effort was selected as our pilot.

Preparation of the selected pilot {#sec2-4}
---------------------------------

### I. The pilot {#sec3-1}

Our pilot was a man of 38 years old, struggling with his paraplegy for 3 years of SCI, caused by trauma (gunshot) in the T9 level and with AIS classified as A (complete). He is 1.70 m and started the preparation weightening 65 Kg, resulting in a BMI of 22.49 (normal weight). He is currently a lawyer, but before the spinal cord injury he worked as a physical education teacher. Nowadays he is a high-performance athlete in adapted sailing and rowing. He was very excited and motivated to train FES-assisted cycling since the public forum and his engagement increased when he saw for the first time his paralyzed legs propelling the trike pedals. E.L. had no history of fragility fractures, no alteration in bone mineral density (he presented values above the reference that determines bone fragility T-score\> -2.5), complete range of motion in lower limbs, no unhealed wounds, no autonomic dysreflexia and did not present excessive spasticity or adverse effects during effort and habituation period to electrical stimulation. He had no previous experience using electrical stimulation.

### II. Tricycle and control system {#sec3-2}

A commercial recumbent trike (HP3 Trike, Brazil) with adjustable crankset position, 18 kg (approximately), 2 m (total length), 35 degrees seating position, and an 8- speed regular gear system with chain tensioner was adapted for mobile FES cycling in this work ([Figure 2](#fig002){ref-type="fig"}).

The most relevant mechanical adaptation for FES cycling concerned the pedal. We designed and built an adapted pedal composed by supporting surfaces for the whole foot and a fixed vertical rod in order to secure the limb and prevent motion outside the sagittal plane. While using this device, the ankle joint is always kept at 90 degrees. The trike is instrumented with a wireless inertial sensor (3space, Yei Technology, USA) that enables estimation of crank position and angular speed. Both are sampled at 170 Hz. A customized user interface enables the pilot to start and stop the system, as well as to modulate stimulation intensity. A stimulator (Rehastim, Hasomed, Germany), an embedded computer (Raspberry Pi 3, Raspberry Foundation, UK), and one battery complete the system. The software architecture is based on a multicore application that integrated all functionalities. Including all mechanical parts and hardware, the complete approximate cost of the system is USD 3,950. The control system is based on two layers: an inner loop controlling stimulation timing to produce cyclic leg movement and an outer loop that modulates stimulation intensity to control trike speed. The inner control loop is based on muscle-specific stimulation mapping as a function of crank angle position and velocity. For instance, extensor muscles are stimulated when leg extension is required. Furthermore, as described in Fonseca et al. (2016),^[@ref8]^ the stimulation phases within the pedaling cycle are subject-specific. The outer loop is based on a PI cadence controller using pulse-width as the controllable variable.

### III. 1st phase: pre-FES-cycling preparation {#sec3-3}

In the beginning, our pilot was not able to perform the most common protocol recommended: 30 minutes of cycling at a cadence of 35 rpm. For this reason, the pre- FES-cycling preparation aimed to achieve a tolerance to electrical stimulation by means of electrically-induced knee extension training progressively. We planned a 18- weeks preparation program, 3 times per week, 30 minutes each session using a four channel stimulator providing rectangular biphasic current (Dualpex 071 Quark, Brazil). As in the screening test, also during effective stimulation, frequency of 50Hz, intensity ranging from 0 to 69 mA and pulse width of 500 μs were used without ramps. The intensity was increased from 0 up to a visual contraction (1/5). Electrodes (5 per 9 cm2) were placed on the skin at a location in the quadriceps, hamstrings and glutei muscles where the best muscular response was found. The 1st phase started placing the pilot in a chair with fixed feet and performed a maximum 30 minutes of quadriceps isometric contractions each session ([Figure 3](#fig003){ref-type="fig"}) using a duty cycle ratio of 1:3. Then, for every cycle of 5 seconds a continuous contraction was evoked and, after 15 seconds of rest, the protocol of stimulation was repeated until fatigue or 30 minutes time out. When he became able to tolerate exercise for 30 minutes without fatigue, the duty cycle ratio was increased for 1:2. Finally, the last adaptation took place, where the ratio was set for 1:1. Fatigue was assessed by the visible loss of force and velocity during contractions. As the participant did not realize pain or discomfort due to absence of sensation below the level of injury, he tolerated high intensities of electrical stimulation, achieving a maximum intensity of 95 mA. Muscles strength was rated using the MRC scale^[@ref7]^ of 0/5 to 5/5 in which 0/5 represented no contraction; 1/5 muscle flicker, but no movement; 2/5 possible movement, but not against gravity when the join was tested; 3/5 possible movement against gravity, but not against resistance; 4/5 possible movement against some resistance and 5/5 normal strength (movement against resistance). In the beginning of the protocol, he achieved an electrical stimulated contraction graduated as 2/5, but it quickly led to fatigue, resulting in less than 10 minutes of quadriceps contraction. Following, during the 4th session, we achieved a 3/5 electrical stimulated contraction of quadriceps, indicating possibility of a minimal support against gravity. So, we introduced electrical stimulation of other muscles (hamstrings and gluteous) by mean of dynamic contractions and functional tasks, such as sit-and-stand transfer and standing maintenance position as showed in [Figure 4](#fig004){ref-type="fig"}.

The main goal of the first weeks in the pre-FES-cycling preparation was achieving sufficient muscle strength to tolerate repeated electrical stimulated transfer and maintenance position during 30 minutes. In the transfer and maintenance position against gravity exercises, an 1:3 duty cycle ratio was performed, with 20 seconds of contraction composed by 4 seconds of ascending ramp (concentric contraction), 12 seconds of isometric contraction, keeping the patient in the standing position; and 4 seconds of descending ramp (eccentric contraction) to the initial sitting position.

The described protocol was repeated 3 times per week with reccomendation of domiciliar electrical stimulation for all lower limb superficial muscles by the patient himself in the day off. When he was able to maintain 30 minutes without fatigue, he was then considered fit to begin the next phase preparation: FES cycling.

Despite achieving the goal at the 16th session (earlier in the 6th week), the planned 18-weeks program was performed until the end to give chance to the other 13 candidates to meet the requirements to the next phase. During this time, E.L. remained in the pre-FES-cycling preparation reproducing in full the achieved protocol for maintaining the accomplished performance.

### IV. 2nd phase: FES-cycling preparation {#sec3-4}

The protocol was planned to be performed 3 times per week during 12 weeks (3 months before the Cybathlon 2016 competition). However, the engineers involved in the EMA team requested extra training sessions to complete the system development. In the last two weeks, our pilot was trained 5 times per week. Each training session lasted around one hour.

Surface electrical stimulation was conducted on the quadriceps (2 channels), hamstrings (1 channel) and glutei (1 channel) muscles. First stationary training was performed using resistance provided by a training roll to prevent free spin of wheel ([Figure 5](#fig005){ref-type="fig"}). On the second week, when the pilot was able to pedal during twenty minutes in this initial configuration, we introduced outdoor training with the current intensity controlled manually by the pilot. Closed-loop stimulation at a frequency of 20-30Hz, maximum pulse width of 300 μs, current intensity varying from 20 mA to 96 mA (minimum and maximum values) was applied. We monitored selected physiological variables during such training sessions, such as heart rate, arterial blood pressure, lactate level, and blood glucose level. The main challenge to provide a suitable monitoring of the exercise intensity with our pilot was his lack of perceived exertion and excessive determination towards the competition that created a favorable environment for overtraining, in particular, in the last two weeks before the FES Bike Race. We concluded that a moderate to intense level of exercise have been maintained over the last weeks. Nevertheless, during some preparation sessions high levels of training were reached, based on the estimation using lactate level (higher than 7 mmol/L) and heart rate (over 120 bpm) ([Figure 6](#fig006){ref-type="fig"})

Discussion {#sec1-2}
==========

The Cybathlon 2016 by EMA team (Brazil) {#sec2-5}
---------------------------------------

During the race, the parameters of stimulation were set to 30 Hz and 500 μs, with the intensity manually controlled by the pilot. He departed using values from 40 to 50 mA to glutei and quadriceps muscles, respectively, but in the end of the race the intensity reached values ranging from 86 to 96 mA. Both hamstrings were not stimulated during the competition, since we observed an increase in strong spasms. However, later we concluded that the spasms were probably due to the overtraining.

In the 1st round, our pilot completed the first 25 meters in 13.1 seconds. During this round, a head camera captured the moment when our pilot suffered a patellar fracture ([Figure 7](#fig007){ref-type="fig"}). Despite this unfortunate event, he continued to pedal, since he had no knowledge regarding its occurrence. In addition, from the video records, we have observed that he was trying to compensate the FES system failure, helping manually his legs to push the pedal, a behavior that led judges to disqualify him, finishing his race.

As the fracture was not noticed at the 1th round, he participated in the 2th final round when strong spasms were still occurring. Our rider achieved the eight overall position in the final classification of the competition.

The precise cause of knee fracture was not defined by the medical doctor. However his diagnosis suspicion was the overtraining (three to five times a week), once the pilot featured adequate bone mineral density. Several factors are thought to have contributed, such as high intensity of electrical stimulation in combination with strong muscle spasms which abruptly blocked the cycling movement, increased muscular strength induced by regular FES cycling in a closed kinematic chain with the knee in about 90 degrees of flexion (a biomechanical configuration that maximizes patellar-femoral contact), and other hypotheses. Indeed, we conclude that the risk of fracture as well as various precautions should be discussed and should be taken into consideration in future studies.

The indicated treatment was the surgical approach with fixation of the patella followed by physical therapy. The EMA team provided all the financial and operational support during the pilot\'s recovery period. The surgery took place on December 1st, 2016 and the rehabilitation period lasted until June 2017. Currently, the pilot has resumed the sports he practiced and the activities of daily living normally.

FES cycling overtraining: risk evaluation and care {#sec2-6}
--------------------------------------------------

Concerning the technological development, the proposed mechanical design presented intermediate geometry between seated (e.g. wheelchair-based FES-assisted cycling) and fully recumbent positions. Our goal was to provide more comfort and visibility to the pilot. However, our pilot reported he was slipping on the seat, possibly affecting the performance and comfort. Transferring pilots to our system was also difficult and we are looking for solutions. Furthermore, the use of wireless sensors may reduce systems robustness due to lost packages, particularly when compared to wired systems. As an additional improvement, torque sensors may be used as a safety measure during spastic events. From a clinical point of view, and especially motivated by the harmful effect faced by a pilot who was certified by a medical doctor as featuring suitable health status to compete, we recommend caution with the enthusiasm and excitement coming from sports competition for a population in which extra efforts are hard to be monitored due the lack of sensorial recognition of the effort. Cooperation with other teams present at the first Cybathlon FES Cycling competition and beyond will provide further hints and tips.^[@ref9]^ Our next step will be defining what are the thresholds levels of effort that are sufficiently high to provide structural and functional body adaptations to improve performance, while avoiding harmful overtraining.
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![The frequency of distribution for participants responsive or non-responsive to the NMES by injury level. A significant (p\<0,05) association detected by Fisher's exact test suggests a relative infinity risk of the level of the injury predicting the responsiveness, choosing the method of Katz when the values are zero, adding 0.5 to all cells before calculating the relative risk and its confidence interval. Prism shows a floating note on the results page when it does this. In this case, it suggests us switch to the Koopman method.](ejtm-27-4-7169-g001){#fig001}

![The tadpole trike adapted in this work for mobile FES cycling.](ejtm-27-4-7169-g002){#fig002}

![Photograph illustrating the inicial step of the 1st phase of progressive training in which the vastus lateralis muscle was activated together with the anterior tibialis muscle in isometric contractions during a sitting position.](ejtm-27-4-7169-g003){#fig003}

![Photographs showing against gravity exercises by electrical stimulation of quadriceps, hamstrings and gluteus muscular groups during sit-to-stand transfer and standing maintenance position. The photograph recorded the beginning of the sitting position (left) and the end in the standing maintenance position (right).](ejtm-27-4-7169-g004){#fig004}

![Photograph of stationary set up used during the initial training of the FES-cycling preparation.](ejtm-27-4-7169-g005){#fig005}

![Heart rate and lactate levels before and after preparation sessions during the 12 weeks of FES-cycling preparation.](ejtm-27-4-7169-g006){#fig006}

![The x-ray images reaveling the cleft knee showing the comminuted fracture of the patella. The left image is a front view of the knee in 90 degree flexion, and the right image is a profile view in the sagital plane.](ejtm-27-4-7169-g007){#fig007}
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